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(57) ABSTRACT

Methods, systems, and apparatus, including medium-en-
coded computer program products, for 3D flight tracking of
objects include a method including determining a golf ball
trajectory based on observations by sensor(s), extrapolating
the trajectory backward in time, calculating distance mea-
sure(s) between the extrapolated trajectory and physical
locations, estimating a systemic error for observation(s),
wherein the systemic error aflects observed ball positions,
estimating a stochastic error associated with the observ-
ation(s), wherein the stochastic error affects an angle of a
trajectory determined from observed ball positions, combin-
ing the estimated systemic and stochastic errors to form
error measure(s) for the distance measure(s), identitying one
ol the physical locations as an origin for the golf ball when
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TRAJECTORY EXTRAPOLATION AND
ORIGIN DETERMINATION FOR OBJECTS
TRACKED IN FLIGHT

BACKGROUND

This specification relates to tracking an object 1n tlight,
such as a golf ball, using data obtained from camera, radar,
and/or other sensor devices.

U.S. Pat. No. 5,413,345 describes a golf shot tracking and
analysis system in which range and locator cameras are
positioned for viewing golf balls as they are struck or after
they are 1n tlight. As described 1n U.S. Pat. No. 5,413,345,
a locator camera views the golf shot as 1t leaves the tee area,
while a range camera views the shot from a generally
perpendicular position down range. Moreover, a specific
teebox origin of a ball 1n flight can be determined even when
a camera 1s not able to “see” a ball on the tee. In addition,
U.S. Patent Pub. No. 20180011183 describes a system for
tracking multiple projectiles using radar, where one or more
radar devices are positioned to maximize the field of view
(beam coverage) of the radar device(s), each radar device
can have its own associated computer to define its own
three-dimensional radar coordinate system, and a central
computer can follow the trajectory of each object backward
to 1dentity the hitting bay from which each object was
launched.

SUMMARY

This specification describes technologies relating to track-
ing an object 1n flight, such as a golf ball, using data obtained
from camera, radar, and/or other sensor devices, and 1in
particular, to trajectory extrapolation and origin determina-
tion during full flight three dimensional (3D) tracking.

In general, one or more aspects of the subject matter
described 1n this specification can be embodied 1n one or
more systems that include two or more defined physical
locations from which golf balls are hit into a three dimen-
sional physical space; one or more golf ball sensors arranged
with respect to the three dimensional physical space to
detect the golf balls 1n thight after the golf balls are hit into
the three dimensional physical space from the two or more
defined physical locations; and one or more computers
communicatively coupled with the one or more golf ball
sensors, the one or more computers including at least one
hardware processor and at least one memory device coupled
with the at least one hardware processor, the at least one
memory device encoding instructions configured to cause
the at least one hardware processor to perform operations.
The at least one hardware processor 1s configured to deter-
mine a three dimensional trajectory for a golf ball 1in the
three dimensional physical space based on 1nitial observa-
tions of the golf ball by the one or more golf ball sensors, the
at least one hardware processor 1s configured to extrapolate
the three dimensional trajectory of the golf ball backward in
time to generate an extrapolated trajectory, the at least one
hardware processor 1s configured to calculate one or more
distance measures between the extrapolated trajectory and
the two or more defined physical locations, the at least one
hardware processor 1s configured to estimate a systemic
error for at least one of the initial observations of the golf
ball by the one or more golf ball sensors, wheremn the
systemic error aiflects observed ball positions, the at least
one hardware processor 1s configured to estimate a stochas-
tic error associated with the at least one of the initial
observations of the golf ball by the one or more golf ball
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2

sensors, wherein the stochastic error aflects an angle of a
trajectory determined from the observed ball positions, the
at least one hardware processor 1s configured to combine the
estimated systemic error and the estimated stochastic error
to form one or more error measures for the one or more
distance measures, the at least one hardware processor 1s
configured to identify one of the two or more defined
physical locations as an origin for the golf ball when the one
or more error measures satisty a predefined criteria, and the
at least one hardware processor 1s configured to wait for
additional observations of the golf ball by the one or more
goli ball sensors when the one or more error measures do not
satisty the predefined criteria. Other embodiments of this
aspect include corresponding methods, apparatus, and com-
puter program products.

These and other embodiments can optionally include one
or more of the following features. The two or more defined
physical locations can include two or more tee positions
within two or more tee areas, the at least one hardware
processor can be configured to calculate a first distance
measure for a first of the two or more tee positions 1n a first
of the two or more tee areas and calculate a second distance
measure for a second of the two or more tee positions 1n a
second of the two or more tee areas, and the at least one
hardware processor can be configured to identity the first tee
area containing the first tee position as the origin for the golf
ball when the first distance measure satisfies a predefined
threshold and the second distance measure does not satisiy
the predefined threshold; and identify the second tee area
containing the second tee position as the origin for the golf
ball when the first distance measure satisfies the predefined
threshold, the second distance measure satisiies the pre-
defined threshold, and the second tee position comes after
the first tee position along the extrapolated trajectory.

The one or more golf ball sensors can include at least two
discrete golf ball sensor systems that independently track the
golf ball in the three dimensional physical space. The 1nitial
observations can be from a first of the at least two discrete
golf ball sensor systems, and the at least one hardware
processor can be configured to obtain the additional obser-
vations of the golf ball from the first golf ball sensor system
before a second of the at least two discrete golf ball sensor
systems detects the golf ball, the at least one hardware
processor can be configured to update the three dimensional
trajectory for the golf ball based on the additional observa-
tions to determine an updated three dimensional trajectory,
the at least one hardware processor can be configured to
extrapolate the updated three dimensional trajectory of the
ool ball backward in time to generate an updated extrapo-
lated trajectory; the at least one hardware processor can be
configured to update the one or more error measures in
accordance with the updated three dimensional trajectory,
and the at least one hardware processor can be configured to
identify one of the two or more defined physical locations as
the origin for the golf ball when the one or more updated
error measures satisly the predefined critena.

The 1mitial observations can be from a first of the at least
two discrete golf ball sensor systems, the at least one
hardware processor can be configured to obtain the addi-
tional observations of the golf ball from a second of the at
least two discrete golf ball sensor systems, the at least one
hardware processor can be configured to determine a dis-
crete three dimensional trajectory for the golf ball in the
three dimensional physical space based on the additional
observations of the golf ball by the second golf ball sensor
system, the at least one hardware processor can be config-
ured to extrapolate the discrete three dimensional trajectory
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of the golf ball backward in time to generate a discrete
extrapolated trajectory, the at least one hardware processor
can be configured to calculate one or more discrete distance
measures between the discrete extrapolated trajectory and
the two or more defined physical locations, the at least one
hardware processor can be configured to estimate a discrete
systemic error for at least one of the additional observations
of the golf ball by the second golf ball sensor system, the at
least one hardware processor can be configured to estimate
a discrete stochastic error associated with the at least one of
the additional observations of the golf ball by the second
golf ball sensor system, the at least one hardware processor
can be configured to combine the discrete estimated sys-
temic error and the discrete estimated stochastic error to
form one or more discrete error measures for the one or more
discrete distance measures, and the at least one hardware
processor can be configured to i1dentily one of the two or
more defined physical locations as the origin for the golf ball
when the one or more discrete error measures satisty the
predefined criteria.

The one or more golf ball sensors can include a camera,
and the at least one hardware processor can be configured to
estimate an intrinsic calibration error based on a focal length
of the camera. The camera can be a stereo camera, the at
least one hardware processor can be configured to calculate
a disparity for the stereo camera based on a distance between
the stereo camera and the first observation, and the at least
one hardware processor can be configured to estimate a
stereo calibration error for the stereo camera as an estimated
error 1n a calibrated rotation of the stereo camera. The at
least one hardware processor can be configured to estimate
a total random disparity error for the extrapolated trajectory,
and the at least one hardware processor can be configured to
adjust a measure of error from the total random disparity
error based on a distance from the 1mitial observations to a
baseline for the stereo camera.

The extrapolated trajectory can be within a field of view
of the one or more golf ball sensors, but no observations of
the golf ball need be 1dentified for this portion of the golf
ball’s flight. The at least one hardware processor can be
configured to check for intersections between the extrapo-
lated trajectory and geometric shapes representing the two or
more defined physical locations, the at least one hardware
processor can be configured to determine distances between
the extrapolated trajectory and hitting positions within the
respective geometric shapes representing the two or more
defined physical locations, the at least one hardware pro-
cessor can be configured to select one of the two or more
defined physical locations, for estimating systemic and
stochastic error and identifying as the origin, based on the
determined distances when only one of the determined
distances 1s below a threshold distance, and the at least one
hardware processor can be configured to select one of the
two or more defined physical locations, for estimating
systemic and stochastic error and 1dentifying as the origin,
based on a last of the intersections along the extrapolated
trajectory toward the at least one of the mitial observations
when both or neither of the determined distances 1s below
the threshold distance.

The geometric shapes representing the two or more
defined physical locations can include three dimensional
geometric shapes. The at least one hardware processor can
be configured to determine the hitting positions based on
input to the system. The input can include 1input from at least
one electronic location system. The at least one hardware
processor can be configured to set a hitting position for a
golier based on sensor data obtained for one or more test
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4

golf shots hit by the golfer and location data from a mobile
communication device associated with the golfer, the mobile
communication device being communicatively coupled with
the at least one electronic location system. The at least one
clectronic location system can include a global navigation
satellite system. The two or more defined physical locations
can be golf bays or tee areas for a golf range including the
three dimensional physical space and diflerent targets for the
golf balls.

In addition, one or more aspects of the subject matter
described 1n this specification can be embodied 1n one or
more methods and/or one or tangible computer-readable
mediums (e.g., at least one memory device) and encode
istructions configured to cause at least one hardware pro-
cessor to perform operations including determining a three
dimensional trajectory for a golf ball in the three dimen-
sional physical space based on initial observations of the
golf ball by the one or more golf ball sensors, extrapolating
the three dimensional trajectory of the golf ball backward in
time to generate an extrapolated trajectory, calculating one
or more distance measures between the extrapolated trajec-
tory and the two or more defined physical locations, esti-
mating a systemic error for at least one of the mitial
observations of the golf ball by the one or more golf ball
sensors, wherein the systemic error aflects observed ball
positions, estimating a stochastic error associated with the at
least one of the mitial observations of the golf ball by the one
or more golf ball sensors, wherein the stochastic error aflects
an angle of a trajectory determined from the observed ball
positions, combining the estimated systemic error and the
estimated stochastic error to form one or more error mea-
sures for the one or more distance measures, 1dentiiying one
of the two or more defined physical locations as an origin for
the golf ball when the one or more error measures satisiy a
predefined criteria, and waiting for additional observations
of the golf ball by the one or more golf ball sensors when the
one or more error measures do not satisty the predefined
criteria.

The calculating can include calculating a first distance
measure for a first of two or more tee positions in a first of
two or more tee areas and calculating a second distance
measure for a second of the two or more tee positions 1n a
second of the two or more tee areas, and the 1dentifying can
include identifying the first tee area containing the first tee
position as the origin for the golf ball when the first distance
measure satisfies a predefined threshold and the second
distance measure does not satisiy the predefined threshold,
and 1dentifying the second tee area containing the second tee
position as the origin for the golf ball when the first distance
measure satisfies the predefined threshold, the second dis-
tance measure satisfies the predefined threshold, and the
second tee position comes after the first tee position along
the extrapolated trajectory.

The one or more golf ball sensors can include at least two
discrete golf ball sensor systems that independently track the
golf ball 1n the three dimensional physical space, wherein
the mitial observations are from a first of the at least two
discrete golf ball sensor systems, and the operations can
include obtaiming the additional observations of the golf ball
from the first golf ball sensor system before a second of the
at least two discrete golf ball sensor systems detects the golf
ball, updating the three dimensional trajectory for the golf
ball based on the additional observations to determine an
updated three dimensional trajectory, extrapolating the
updated three dimensional trajectory of the golf ball back-
ward 1n time to generate an updated extrapolated trajectory,
updating the one or more error measures 1n accordance with
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the updated three dimensional trajectory, and 1dentifying one
of the two or more defined physical locations as the origin
for the golf ball when the one or more updated error
measures satisiy the predefined critena.

The 1nitial observations can be from a first of the at least
two discrete golf ball sensor systems, and the operations can
include obtaiming the additional observations of the golf ball
from a second of the at least two discrete golf ball sensor
systems, determiming a discrete three dimensional trajectory
for the golf ball in the three dimensional physical space
based on the additional observations of the golf ball by the
second golf ball sensor system, extrapolating the discrete
three dimensional trajectory of the golf ball backward in
time to generate a discrete extrapolated trajectory, calculat-
ing one or more discrete distance measures between the
discrete extrapolated trajectory and the two or more defined
physical locations, estimating a discrete systemic error for at
least one of the additional observations of the golf ball by the
second golf ball sensor system, estimating a discrete sto-
chastic error associated with the at least one of the additional
observations of the golf ball by the second golf ball sensor
system, combiming the discrete estimated systemic error and
the discrete estimated stochastic error to form one or more
discrete error measures for the one or more discrete distance
measures, and i1dentifying one of the two or more defined
physical locations as the origin for the golf ball when the one
or more discrete error measures satisly the predefined cri-
teria.

The one or more golf ball sensors can include a camera,
and estimating the systemic error can include estimating an
intrinsic calibration error based on a focal length of the
camera. The camera can be a stereo camera, estimating the
intrinsic calibration error can include calculating a disparity
tfor the stereo camera based on a distance between the stereo
camera and the first observation, and estimating the systemic
error can include estimating a stereo calibration error for the
stereo camera as an estimated error in a calibrated rotation
of the stereo camera. Estimating the stochastic error can
include estimating a total random disparity error for the
extrapolated trajectory, and adjusting a measure of error
from the total random disparity error based on a distance
from the imitial observations to a baseline for the stereo
camera.

The extrapolated trajectory can be within a field of view
of the one or more golf ball sensors, but no observations of
the golf ball need be 1dentified for this portion of the golf
ball’s flight. Calculating the one or more distance measures
can 1nclude checking for intersections between the extrapo-
lated trajectory and geometric shapes representing the two or
more defined physical locations, determining distances
between the extrapolated trajectory and hitting positions
within the respective geometric shapes representing the two
or more defined physical locations, selecting one of the two
or more defined physical locations, for estimating systemic
and stochastic error and identifying as the origin, based on
the determined distances when only one of the determined
distances 1s below a threshold distance, and selecting one of
the two or more defined physical locations, for estimating
systemic and stochastic error and 1dentifying as the origin,
based on a last of the intersections along the extrapolated
trajectory toward the at least one of the initial observations
when both or neither of the determined distances i1s below
the threshold distance.

The geometric shapes representing the two or more
defined physical locations can include three dimensional
geometric shapes, the operations can include determining
the hitting positions based on input to the system, and the
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input can include mnput from at least one electronic location
system. Determining the hitting positions can include setting,
a hitting position for a golfer based on sensor data obtained
for one or more test golf shots hit by the golfer and location
data from a mobile communication device associated with
the golfer, the mobile communication device being commu-
nicatively coupled with the at least one electronic location
system. The at least one electronic location system can
include a global navigation satellite system. The two or more
defined physical locations can be golf bays or tee areas for
a golf range including the three dimensional physical space
and different targets for the golf balls.

Various embodiments of the subject matter described 1n
this specification can be implemented to realize one or more
of the following advantages. The origin of a tracked golf ball
can be 1dentified quickly, but also accurately, even when a
golt ball tracking system 1s used to concurrently track golf
balls originating from multiple different golf bays (or other
defined physical locations), thus reducing the number of golf
shots that are assigned to an incorrect originating golf bay
and/or cannot be assigned to an originating golf bay until
well after the golf shot has been hit. This can occur when the
golf ball tracking system starts tracking the golf ball later
than usual and at an angle compared to the golf bay that
causes a good deal of error (e.g., disparity error 1n a stereo
camera system) to translate into an error in selecting the
correct originating golf bay.

To address this 1ssue, an error associated with the first
point 1n each trajectory for the detected golf shots can be
estimated, and an assessment can be made regarding how
that error affects the golf bay selection. This can mvolve
estimating the error in two parts: (1) a systemic error that
allects the positional error 1in the same manner for the first
point as for an extrapolated point back at the golf bay, and
(2) a stochastic error that affects an angle of the extrapolated
trajectory produced from the points 1n each trajectory, which
have random positional errors. The systemic error can be
computed by estimating the vector-valued error of the posi-
tion of the first observation of the trajectory, and projecting
this value back to the selected goli bay to determine how
much of this error can aflect the golf bay selection. The
stochastic error can be computed by estimating the angular
error of the first observation of the trajectory to determine
how this error can aflect the backward extrapolation algo-
rithm, and multiplying this error with the distance to the
selected golf bay to determine how this error can aflect the
golf bay selection. With these two types of errors consid
ered, the number of golf shots that are incorrectly assigned
to an origin can be substantially reduced without increasing
the delay (e.g., to wait for more data and/or new versions of
the trajectory) before the golf shot 1s shown to the golfer.

Furthermore, a separate, dedicated golf ball tracking
system 1s not required for each golf bay, which reduces costs
in a system where multiple golfers are hitting golf balls
simultaneously. Using fewer golf ball tracking systems at a
site, such as a golf range, can reduce the work needed to
administer the system and correct any hardware errors or
repair breakdowns. Moreover, a wider field of view can be
achieved, and less components need be placed near the
golfers, e.g., mn the golf bay. For example, there i1s no
requirement for a golf ball tracking system using the systems
and techniques detailed 1n this disclosure to have a tracking
unit installed 1 each golf bay 1n a golfing entertainment
tacility. Moreover, fewer tracking systems reduces the over-
all complexity of the system from a software perspective,
especially when a golf facility 1s entirely covered with only
a single system.




US 11,644,562 B2

7

The details of one or more embodiments of the subject
matter described in this specification are set forth in the
accompanying drawings and the description below. Other
features, aspects, and advantages ol the invention will
become apparent from the description, the drawings, and the
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example of a system that performs in
flight 3D tracking of golf balls through a three dimensional
space.

FIG. 2A 1s a schematic diagram of two golf bays, one of
which will be i1dentified by a golf ball sensor system as an
origin for a golf shot.

FIG. 2B 1s a schematic diagram of a data processing
system that i1dentifies a golf bay among two or more golf
bays as the origin for a golf shot.

FIG. 3A 15 a flowchart showing an example of a process
of locating an originating physical location of a golf ball
detected and tracked 1n flight.

FIG. 3B shows an example of systemic error caused by
errors 1n the tracking equipment and/or calibration of the
tracking system.

FIG. 3C shows an example of how systemic error aflects
the error of the estimation of whether a golf bay 1s the origin
of a golf shot.

FIG. 3D shows an example of stochastic error caused by
noise 1n sensor readings.

FIG. 3E shows an example of how stochastic error aflects

the error of the estimation of whether a golf bay 1s the origin
of a golf shot.

FIG. 4A shows another example of a system that performs
in flight 3D tracking of golf balls through a three dimen-
sional space.

FIG. 4B shows an example of a system that performs in
flight 3D tracking of a goli ball 1n relation to a layout for golf
bays, as can be used in the system of FIG. 4A.

FIG. 5A 1s a flowchart showing another example of a
process of locating an originating physical location of a golf
ball detected and tracked in flight.

FIG. 5B shows an example of a system that performs in
tlight 3D tracking of a golf ball in relation to personal mobile
devices for the golfers.

Like reference numbers and designations 1n the various
drawings indicate like elements.

DETAILED DESCRIPTION

FIG. 1 shows an example of a system 100 that performs
in flight 3D tracking of golf balls through a three dimen-
sional space. In this example, the system 100 1s part of a golf
tacility that includes targets 120 on a golf range 110, and a
building 115 including golf bays 130. In FIG. 1, the building
115 1s shown as being rectangular, but note that typical
implementations will have a curved portion of the building
facing the golf range 110 so the golf bays 130 form a
crescent shape. The targets 120 can include Radio Fre-
quency Identification (RFID) tag interrogators that read
RFID equipped golf balls hit from the golf bays 130 located
on more than one level of the building 115. Further, one or
more of the targets 120 can include discrete sections of
netting that funnel the golf balls 1into respective RFID reader
boxes associated with the different sections. However, 1n
some 1mplementations, no such RFID tags and RFID tag
interrogators are required, as a golf ball sensor system 140,
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150 can be used to track the golf balls in flight and identify
where the golf balls land without the use of such RFID
systems.

In the example of FIG. 1, the three dimensional space
through which the golf balls are tracked is the golf range
110, which can be of various shapes and sizes, but will
typically be 300-3500 feet wide and 600-900 feet long. The
golf range 110 can be flat or include small hills or one or
more inclines, and can also include hazards, such as water
and sand traps. Note that such hazards need not include
actual water and sand, but can simply be colored to look like
water and sand. The golf range 110 can be composed of real
grass or artificial turf. Moreover, the targets can be grouped
into categories that generally represent their distances from
the building 115, and the targets can have various shapes,
such as the circular shapes of the main targets and the
rectangular shape of the trench target at the end of the range
110, as well as separate colors for each target 120 or groups
of targets 120. Other shapes and sizes for the targets 120, as
well as diflerent numbers of targets 120 than shown, are also
possible. However, in some implementation, no specific
targets are required in the three dimensional space and/or no
building 1s required. For example, the golf ball sensor
system 140, 150 can be set up on an open field or 1n a sports
stadium or arena.

In general, the golf ball sensor system 140, 150 1s used to
identily from which of multiple defined physical locations
130 the golf balls have been hit. The golf ball sensor system
140, 150 1ncludes at least one golf ball sensor 140 and at
least one computer 150 communicatively coupled with the
golf ball sensor 140. The golf ball sensor 140 can be one or
more sensors of one or more diflerent types. For example,
the golf ball sensor(s) 140 can be an optical sensor (e.g., a
stereo camera or two cameras operated together to provide
stereo vision of the golf balls 1n flight), a radar sensor, or a
combination of these. In some implementations, two or more
stereo cameras 140 are used to track golf balls 1n flight 1n
three dimensional space. In some 1implementations, at least
one golf ball sensor 140 1s a sensor unit that integrates a
radar device and a camera to track the golf balls i three
dimensions, where the camera 1s used to provide angle
information for the golf ball in a two dimensional plane, and
the radar device 1s used to provide (1in combination with the
camera) depth information for the golf ball 1n a dimension
perpendicular to the plane, e.g., for each in-flight camera
observation of the golf shot, the radial distance to the golf
ball 1s used to calculate a depth distance to the ball based on
a camera angle for the in-flight camera observation (using a
pinhole camera model, trigonometry, and a known separa-
tion distance between the camera and the radar device,
which distance can be zero). Other sensor types and sensor
data combinations are also possible, such as one or more
phased array radar devices to determine angle and distance
to the ball, which information can be converted to 3D
locations, or two or more radar devices that combine their
measured data to construct 3D flight trajectories.

The golt ball sensor(s) 140 are arranged with respect to
the three dimensional physical space to detect the golf balls
in flight after the golf balls are hit into the three dimensional
physical space from the defined physical locations 130. In
some i1mplementations, the golf ball sensor(s) 140 are
located such that 1t 1s not possible for the sensor to observe
the golf balls at the moment of their launching from the
defined physical locations 130. For example, the golf ball
sensor(s) 140 can be attached to an awmng above and 1n
front of the golf bays 130, which can provide a wider field
of view for the golf ball sensor(s) 140, while the systems and
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techniques detailed 1n this disclosure avoid any need to
include a tracking unit mside a golf bay. In some i1mple-
mentations, the golf ball sensor(s) 140 are located such that
it 1s possible for the sensor to observe the golf balls at the
moment of their launching from the defined physical loca-
tions 130. But as will be appreciated, even with such
positioning, each individual golf ball may not be detected
until atter the launch has already occurred, and thus sensor
observations of the golf ball near the launch point may not
be available 1n many cases. Thus, regardless of whether or
not the golf ball sensor(s) 140 can observe the tee positions,
the systems and techniques detailed 1n this disclosure can be
used to determine a ball trajectory and 1dentity the location
130 from which each ball was launched.

The golf ball sensor(s) 140 are communicatively coupled
with one or more computers 150. This can be a wired
connection that allows the golf ball sensor(s) 140 to provide
data to the computer(s) 150, a wireless connection that
allows the golf ball sensor(s) 140 to provide data to the
computer(s) 150, or a combination of these, and these
connections can be simplex, duplex, or half-duplex connec-
tions. In some implementations, at least one computer 130 1s
connected or itegrated with each of two or more sensors
140 to create discrete sensor systems, which independently/
separately detect and track golf balls 1n the three dimen-
sional space, thus providing distinct trajectory predictions
based on distinct observations of the same golf balls trav-
cling through the three dimensional space. As used herein,
an “observation” 1s an identification of sensor data that is
indicative of a golf ball based on predefined criteria, regard-
less of the type of sensor(s) being used.

Such discrete golf ball sensor systems can also be com-
municatively coupled with a central computer system 150,
€.g., one or more server computer systems, which coordinate
the trajectory predictions received from the discrete golf ball
sensor systems and make a final determination as to which
of the defined physical locations 130 should be confirmed
and reported as the origin for a specific golf ball being
tracked. Note that the central computer(s) 150 can be part of
a computer system (e.g., for the golf facility) that manages
golf games and sends information about the golf shot (e.g.,
a stmulated golf shot animation 1n a virtual golf game and/or
a ball tracing overlay in an augmented reality golf shot
viewer) to a display device associated with the physical
location 130. In any case, the computer(s) 150 1nclude at
least one hardware processor and at least one memory
device coupled with the at least one hardware processor, that
have been built and/or programmed to perform the opera-
tions detailed 1n this disclosure.

Moreover, the defined physical locations 130 can be golf
bays, tee positions within golf bays, or tee positions gener-
ally. In some 1implementations, the three dimensional space
1s not a golf range, as shown. Thus, the defined physical
locations 130 from which golf balls are hit can be designated
hitting positions, e.g., as indicated by chalk, tape or ropes on
the ground, and the three dimensional space can be any
location 1n which 1s 1t 1s safe to hit golf balls, e.g., 1n a sports
stadium or arena, or an open field that has been reserved for
a golf event. For example, 1n some implementations, the
three dimensional space 1s an open grass field, and the
defined physical locations 130 are spots along a tee line
chosen by individual goliers. As used herein, references to
“g0l1 bays” shall be understood as including tee areas or tee
positions generally, unless explicitly described as an imple-
mentation that 1s limited to a golf bay that has more than one
tee area within the golf bay.

10

15

20

25

30

35

40

45

50

55

60

65

10

FIG. 2A 1s a schematic diagram of two golf bays 220A,
220B, one of which will be identified by a golf ball sensor
system 200 as an origin for a golf shot. The golf ball sensor
system 200 1s an example of the golf ball sensor system 140,
150 from FIG. 1. The golf ball sensor system 200 detects a
golf ball 210, in tlight, after 1t has been hit from one of two
or more golf bays. From this 1nitial observation of the golf
ball and one or more subsequent observations of the golf
ball, the system 200 determines a three dimensional trajec-
tory 212 (note that the figure only represents two dimensions
for clarity of illustration). The three dimensional trajectory
212 1s then extrapolated backward in time to generate an
extrapolated trajectory 214, which intersects both golf bay
220A and golf bay 220B. Thus, from the 1nitial observations,
it 1s not readily discernible which of the two golf bays 220A,
220B should be 1dentified as the originating location of the
golf shot.

Measuring and estimating the trajectory of a golf ball 1s
useiul 1 numerous applications to enhance the golfing
experience. One example 1s driving ranges, where such
processing ol golf ball observations by sensor(s) 1s used to
provide feedback and metrics to the golfer, but such pro-
cessing 1s also useful for entertainment purposes, such as
playing virtual golf courses and other games. In any case,
when one golf ball sensor system 200 1s used to track golf
balls being launched from two or more golf bays 220A,
220B, e.g., to save the costs associated with having a
dedicated sensor system for each golf bay, the system that
estimates the trajectories should be able to handle multiple
goliers simultaneously, and thus be able to distinguish which
shot was hit by which golfer. In the example shown 1n FIG.
2A, the system 200 can wait for more observations of the
golf ball 210 to improve the accuracy of the estimated
trajectory, but this will delay the identification of the origi-
nating golf bay. In contrast, the sooner the system 200
identifies the originating golf bay for the golf shot, the more
likely 1t will incorrectly identity which of the golf bays
220A, 220B 1s the origiating golf bay, which 1s unaccept-
able from the user’s perspective. This creates an undesirable
trade-oil between (1) unnecessarily delaying the 1dentifica-
tion of an originating golf bay for golf shots that have
trajectories that are readily tracked backward to a single bay
even when only a small number of observations have been
made, and (2) incorrectly 1dentifying an originating golf bay
for golf shots that have trajectories that are more challenging
to distinguish as originating from one of two adjacent golf
bays. Using the systems and techniques described 1n this
application enables the elimination of this undesirable trade-
ofl, and thus both 1 and 2 can be avoided.

FIG. 2B 1s a schematic diagram of a data processing
system 1ncluding a data processing apparatus 230 that iden-
tifies a golf bay among two or more golf bays as the origin
for a golf shot. The data processing apparatus 250 can be
connected with one or more computers 290, display devices
290 or both, through a network 280. While only one com-
puter 1s shown 1n FIG. 2A as the data processing apparatus
250, multiple computers can be used. Thus, one or more of
the golf ball sensor system 140, 150, 200, 410, 420, 490, 500
from FIGS. 1, 2A, 4A, 4B and 5 can be implemented using
data processing apparatus 250.

The data processing apparatus 250 can include various
software modules, which can be distributed between an
applications layer and an operating system. These can
include executable and/or interpretable soitware programs
or libraries, which can include a program 270 that operates
as a 3D object flight tracking system. The number of
software modules used can vary from one implementation to
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another, and the software modules can be distributed on one
or more data processing apparatus connected by one or more
computer networks or other suitable communication net-
works. Moreover, 1n some cases the functions described are
implemented (in part or fully) 1n firmware and/or hardware
of the data processing apparatus 250 to increase the speed of
operation. Thus, program(s) and/or circuitry 270 can be used
to 1implement a ball detector, tracker, and trajectory deter-
mination & ball origin 1dentifier, as detailed 1n this disclo-
sure.

The ball detector & tracker and trajectory determination
& ball ongin identifier program/circuitry 270 employs a
physics modeler for golf ball flight to extrapolate the part of
the trajectory that 1s outside the field-of-view of the sensor
or missed by the sensor for other reasons. The data process-
ing apparatus 250 can include hardware or firmware devices
including one or more hardware processors 252, one or more
additional devices 254, a computer readable medium 256, a
communication interface 258, and one or more user interface
devices 260. Each processor 252 1s capable of processing
instructions for execution within the data processing appa-
ratus 250. In some implementations, the processor 252 1s a
single or multi-threaded processor. Each processor 2352 1s
capable of processing instructions stored on the computer
readable medium 256 or on a storage device such as one of
the additional devices 254. The data processing apparatus
250 uses 1ts communication interface 238 to communicate
with one or more computers/display devices 290, ifor
example, over a network 280. Thus, 1n various implemen-
tations, the processes described can be run in parallel or
serially, on a single or multi-core computing machine,
and/or on a computer cluster/cloud, efc.

Examples of user interface devices 260 include a display
device, a touchscreen display device, a camera, a speaker, a
microphone, a tactile feedback device, a keyboard, and a
mouse. The data processing apparatus 250 can store mnstruc-
tions that implement operations detailed 1n this disclosure,
for example, on the computer readable medium 256 or one
or more additional devices 254, such as one or more of a
floppy disk device, a hard disk device, an optical disk
device, a tape device, and a solid state memory device. In
general, computer readable medium 256 and one or more
additional devices 234 storing instructions are examples of
at least one memory device encoding instructions configured
to cause at least one hardware processor to perform opera-
tions as detailed 1n this disclosure.

The additional device(s) 254 can also include one or more
sensors 140, 410, such as when a sensor and computer are
integrated together into a self-contained golf ball sensor
system, €.g., systems 200, 490, 500. The one or more sensors
140, 410 can also be located remotely from the data pro-
cessing apparatus 250, and the data from such sensor(s) 140,
410 can be obtained using one or more communication
interfaces 258, such as interfaces for wired or wireless
technologies. Such communication interface(s) 258 can also
be used to communicate an extrapolated trajectory, a pro-
posed originating golf bay, a measure of confidence (one or
more error measures) for the proposed originating golf bay,
and/or other data to another computer system. For example,
two or more data processing apparatus 2350 can be discrete
ool ball sensor systems that independently track golf balls
in a three dimensional physical space, report their results to
another data processing apparatus 2350 that decides which
result to use and which golf bay 220A, 220B to 1dentily as
the originating golf bay, and this information can be com-
municated to a computer/display device 290, which can be
a display device located 1n the i1dentified golf bay or a data
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processing apparatus 250 (e.g., a smartphone or tablet com-
puter) held by a person located 1n the identified golf bay.
FIG. 3A 1s a flowchart showing an example of a process
of locating an originating physical location of a golf ball
detected and tracked in tlight. Note that this 1s only an
example; the operations described can be performed 1n a
different order and still achieve desirable results. Observa-
tions of golf balls are identified 300 (e.g., by computer(s)
150, 200, 250, 420, 490, 500) 1n sensor data. This involves
processing the data received from one or more sensors (€.g.,
sensors 140, 200, 410, 490, 500) to find data indicative of a

golf ball based on criteria that has been predefined for the
sensor type(s). For example, for radar data, ball speed
criteria can be used 1n accordance with known speed ranges
for golt balls that have just been hit or that correspond to an
expected speed for a golf shot that was previously detected
and 1s now being tracked. As another example, for camera
data, streaming image data can be processed in real-time
(e.g., using object classifiers) to i1dentily various objects 1n
the video stream that are candidate golf balls.

Observations of golf balls are associated with previously
detected golf shots and new golf shots are detected 302 (e.g.,
by computer(s) 150, 200, 250, 420, 490, 500). Note that the
detection & association 302 and the identitying 300 can be
performed together as sensor data of a golf ball in flight 1s
received. This can involve simultaneous and/or concurrent
processing using parallel processing or multi-tasking pro-
cessor architectures. For camera data, a golf shot can be
detected 302 when a series of candidate balls across a set of
video frames meet or exceed one or more established critenia
for a golf shot. In some 1mplementations, analysis of the
image data mvolves automated adjustment of one or more
thresholds (e.g., an optimized threshold per pixel) to maxi-
mize sensitivity for objects of iterest (e.g., objects that look
like golf balls) as well as real-time filtering to enable
detection of a golf shot before all the image data of the golf
shot 1s received.

For radar data, a ball speed criteria can be used such that
a radar time series can only start in a certain speed range,
which corresponds to the range of speeds (e.g., 10-250 miles
per hour) that are likely for a golf ball. Similarly, 1f range
data 1s directly available from the radar sensor, objects
detected outside a predefined range can be 1gnored. Addi-
tional criteria can be used across a series of radar measure-
ments, as those measurements are received 1n real-time. For
example, a radar measurements series of a golf shot should
have decreasing speed over time, and this fact can be used
to 1dentily a golf shot in the radar data. Thus, golf balls
detected at unexpected distances or speeds, as well other
objects, such as birds and planes, can be readily 1gnored.

Moreover, when more than one sensor type 1s used, the
data from the different sensor types can be used to enhance
detection and tracking of golf shots. For example, when a
golf shot 1s 1dentified 1n radar data, a signal can be sent to
trigger an adjustment of the one or more criteria used in
analyzing the image data from a camera. This will cause the
analyzing to favor selection of a set of object 1dentifications
that correspond to the golf shot, and thus increase the
chances of i1dentifying the golf shot. Note that interaction
between the processing of the data from different sensor
types (e.g., data from radar and camera devices) can go both
ways to improve the robustness of the shot detection. By
implementing more than one such cross-check of the data
from diflerent sensor types, the system can be made more
robust on a driving range (or similar golf-themed entertain-
ment location) with multiple goliers.
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Note that when radar 1s used 1n combination with optical
tracking, e.g., using the depth distance calculation described
above, associating the radar ball speed with the correct
optical track can involve designing or programming (€.g., by
a mode setting) the radar device to report the speed of
multiple objects with every measurement. Thus, rather than
picking the fastest speed (or strongest reflection) and send-
ing that speed only, the radar device can be set to report the
speeds of the fastest objects, or the speeds of the objects with
the strongest radar reflection. With such a mode of opera-
tion, some robustness to multiple balls 1 the air can be
achieved with the following method: (1) identily the correct
radar time series based on correlation 1n time, (2) for each
new set ol radar measurements, try all received speeds
against the speed projected by the model, and (3) 11 any of
the reported speeds fall within a threshold distance of the
projected ball speed 1n the existing radar time series model,
the value 1s added to the series, the model 1s updated and
then the system will await the next set of measurements.
Nonetheless, 1n some implementations, only one sensor type
1s used, €.g., two or more stereo camera systems.

The process continues to receive and analyze incoming
sensor data to identity 300 ball observations while no
unassociated observation remain 304 in the current sensor
data. If ball observations are identified 300 but cannot be
associated 302 with a previously detected golf shot, these
ball observations continue being considered to try to detect
302 anew golf shot, and the process continues to receive and
analyze incoming sensor data to identity 300 ball observa-
tions while unassociated observation remain 304 in the
current sensor data but a new golf shot has yet to be detected
306. In addition, when a new golf shot 1s detected 306, a
separate process can be spawned to determine an origin of
the new golf shot. This separate process operates even while
new sensor data 1s being received and analyzed to identify
300 additional golf ball observations and to associate 302
the new ball observations with the newly detected golf shot,
which may or may not yet have an origin determined for that
golf shot. In other words, the golf shot detection, golf shot
origination determination, and golf ball flight tracking can
all be performed for multiple golf balls concurrently, 1n
real-time, while golf balls are still in flight and additional
golf balls are being hat.

When a new golf shot 1s detected, a three dimensional
trajectory for the golf ball 1n the three dimensional physical
space 15 determined 310 (e.g., by computer(s) 150, 200, 250,
420, 490, 500) based on the initial observations of the golf
ball that have been i1dentified 300. This can involve using a
physics model for golf ball flight applied to three dimen-
sional coordinates 1n the three dimensional space, as deter-
mined from the mnitial observations of the golf ball. Thus, at
least the effects of gravity (e.g., drag, lift and gravity) can be
taken into consideration, and other physical parameters,
such as wind speed and direction, estimated ball spin, etc.,
can also be taken 1nto consideration.

In some 1mplementations, the physical modelling and
extrapolation of the trajectory 1s done before the association
of different shots. The physics model can be determined
from all observations of the golf ball, not just the itial
one(s). The physics model can imnclude modelling the forces
allecting the golf ball throughout the flight, including grav-
ity, drag force and lift force, which are dependent on the
environment, physical properties of the golf ball, wind speed
and direction, ball speed and spin of the golf ball.

The three dimensional trajectory of the golf ball 1s
extrapolated 312 (e.g., by computer(s) 150, 200, 250, 420,
490, 500) backward (and potentially forward) in time to
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generate an extrapolated trajectory. But rather than simply
finding an 1ntersection between the extrapolated trajectory
and a geometric shape that represents the golf bay, which
can result 1 two intersection points as shown in FIG. 2A,
one or more distance measures are calculated 314 (e.g., by
computer(s) 150, 200, 250, 420, 490, 500) between the
extrapolated trajectory and the two or more defined physical
locations. For example, each intersection point between the
extrapolated trajectory and one or more geometric shapes
(e.g., squares, rectangles, annular sectors, cubes, boxes,
cuboids, 3D annular sectors, etc.) representing one or more
golf bays can be calculated, and the distance between these
intersection point(s) and the center point of each respective
golf bay (or of a predefined tee area within the golf bay, or
a main hitting position within the golf bay or tee area) can
be calculated 314 as the distance measure(s).

As another example, the mimmimum distances between the
extrapolated trajectories and exteriors of geometric shapes
representing the golf bays (or predefined tee areas within the
golf bays, or main hitting positions within the golf bays or
tee areas), or between the extrapolated trajectories and
center points of these geometric shapes can be calculated
314. Other distance measures are also possible, mncluding
combinations of two or more measurements, such as the
average of the shortest distances between (1) the trajectory
and the geometric shape’s exterior, and (2) the trajectory and
the geometric shape’s center point. The distance measure(s)
can also take into account the geometric relationship of the
golf bays (or tee areas, or hitting positions) with reference to
the current golf shot, such as when the last intersected
geometric shape (from the modelled origination point of the
golf shot) 1s considered to take precedence over the first
intersected geometric shape.

Then, a measure of certainty for the calculated distance
measure(s) can be determined 1n order to address the errors
in the observation of the trajectory, as well as in the
extrapolation of the trajectory back to the position of the golf
bay, for use 1n deciding whether and when to 1dentity a golf
bay as the origin of the golf shot. This can be of particular
importance when a golf shot’s extrapolated trajectory inter-
sects two bays with a similar distance to the center point of
both bays, as shown in FIG. 2A, as 1t might be better to not
display the shot at all than to display 1t to the wrong user,
especially 1f there are two or more tracking systems at the
site and another tracking system might soon provide better
results. Thus, an estimation of the error 1n the extrapolated
trajectory, e.g., at the point where 1t intersects the golf bay,
can be computed so as to estimate the level of certainty for
the originating golf bay, and the system can choose to not
display the golf shot to the user if there 1s too much
uncertainty regarding 1ts origin.

Note that the error measure produced for a calculated 314
distance measure need not use that distance measure as
input, but can do so 1n some implementations. For example,
a first distance measure can be calculated to determine
which golf bay to consider as the possible originating bay,
and a second distance measure can be calculated for use 1n
producing an error measure for that selected golf bay.
Further, the one or more error measures can be calculated
based on geometric relationships between (1) the at least one
of the 1mitial observations and the extrapolated trajectory,
and (2) one or more of the two or more defined physical
locations.

The error 1n the extrapolated trajectory depends on vari-
ous properties ol the tracking sensors, but to facilitate
building a workable system that can rapidly produce infor-
mative estimates, the extrapolated trajectory error can be
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reduced to the following two types of errors: (1) systemic
error, which affects observed ball positions, and (2) stochas-
tic error, which affects an angle of a trajectory determined
from the observed ball positions. Moreover, the system can
estimate these two types of errors separately. The systemic
error for at least one of the 1nifial observations of the golf
ball by the one or more golf ball sensors can be estimated
316 (e.g., by computer(s) 150, 200, 250, 420, 490, 500), and
the stochastic error associated with the at least one of the
initial observations of the golf ball by the one or more golf
ball sensors can be estimated 318 (e.g., by computer(s) 150,
200, 250, 420, 490, 500). For example, the one or more golf
ball sensors can include a stereo camera (one or more
cameras) and estimating the systemic error can mvolve
estimafting an intrinsic calibration error based on a focal
length of the camera and a disparity for the stereo camera,
and estimating a stereo calibration error for the stereo
camera as an estimated error 1n a calibrated rotation of the
stereo camera.

FIG. 3B shows an example of systemic error caused by
errors 1n the tracking equipment and/or calibration of the
tracking system. The systemic error can be caused by errors
when calibrating either the sensors themselves, or when the
system 1s set up, e.g., when a system of sensors 1s calibrated
together. For example, 1n the case of a stereo camera sensor
system, the systemic error can be caused by the intrinsic
calibration of each camera and also by the stereo calibration
of each stereo system.

A systemic error will generally result 1n an offset of some
kind and will affect two consecutive sensor readings 1n a
similar way. This means the error 1n one observation 1s
approximately equal to the error 1n the previous observation.
Thus, as shown 1n FIG. 3B, the error between the actual
positions 316BO of the ball observed by the sensor and the
observed positions 316SO remains consistent, imncluding 1n
the extrapolated portion of the trajectory. Thus, this posi-

tional error remains the same between the unobserved actual
positions 316BE of the ball and the extrapolated ball posi-

tions 316SE all the way back to the golf bay 316GB. Further,
while the systemic error can be estimated for any observa-
tion 316S0O of the golf ball, all that 1s needed 1s an estimate
of the error vector e, for the first observation of the golf ball,
and this error vector e, will be essentially equal to the error
vector €,,,,, which 1s the systemic positional error at the golf
bay 316GB because the systemic error 1n the first (or later)
golf ball observations will cause an error of similar size and
direction at the golf bay, 1.e., this error 1s independent of the
extrapolation back to the golf bay 316GB.

Thus, an estimate of the systemic error can be calculated
using the first, second, third, fourth, or later observations of
the golf ball to determine an error vector, which can be
presumed to be the same as the error vector of the position
of the ball at the bay. This error vector can then be projected
onto a directional vector that points along the row of
adjacent golf bays to determine how the systemic error
affects the selection of a golf bay as the originating golf bay
for the golf shot. Thus, the geometric relationship between
the golf bays and the current golf shot 1s taken 1nto account.

A detailed example of this 1n the context of a stereo
camera tracking system 1s now provided. Note that, in a
stereo camera system, the positional error can be affected by
the following source errors: (1) errors 1n the intrinsic cali-
bration, and (2) errors 1n the stereo calibration. The error 1n
intrinsic calibration can be understood as having the follow-
ing effects 1n the stereo camera system: (1) error 1n the focal
length, which error increases linearly from zero at the
principal point of the image to some larger amount of error
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as one moves toward the edges (error proportional to the
distance, r, to the principal point of the 1image); (2) error 1n
the distortion coefficients, which error exhibits polynomial
growth from zero at the principal point of the 1mage to some
larger amount of error (error proportional to r*+r™); and (3)
error 1n the distortion model, which error increase and/or
decreases non-linearly from zero at the principal point of the
image to some other amount of error (error proportional to
f(x,y)). In light of these factors affecting the error, to
simplify the error model, the second and third of these two
factors (polynomial increase and non-linear increase/de-
crease) can be 1gnored, and the error in the intrinsic cali-
bration can be presumed to be zero in the middle of the
image and 1ncrease linearly as one moves toward the edges
of the 1image. Note that the system can employ a distortion
model that attempts to eliminate all these errors. But some
residual error 1s likely to remain in the system, as the
distortion model and the attempts to remove distortion will
not be perfect, and parts of this residual error will be more
significant than other parts of this residual error.

Further, the error 1n stereo calibration can be understood
as having the following effects in the stereo camera system:
(1) error 1n the calibrated rotation of a camera, which error
1s approximately the distance from the camera to the point
times the angular error of the rotation, and (2) error 1n the
calibrated position of a camera, which error translates
directly to the positional error of a point. Note that the
second of these 1s likely to be very small and have negligible
effect on the positional error 1n a given stereo camera
implementation. Thus, the second of these effects can be
safely 1gnored. It 1s the more significant parts of the residual
error that should be addressed for their impact on selecting
a golf bay as the source of a golf shot.

In the detailed example below, bold variables are vectors,
the “hat” (") symbol denotes a directional (unit) vector of
length 1, Ix| denotes the absolute value of x, lal denotes the
vector norm of a, X denotes the cross product between two
vectors, and * denotes the scalar (dot) product between two
vectors. The systemic error vector e, for one or more
observations of the golf ball can be computed 1n accordance
with the following equation:

/

d + Perr

(1)

e1 = |r—llboyll bofr X + 1€,5:b sz

where the first term corresponds to the intrinsic calibration
error (note that the error caused by the disparity will be
orthogonal to the effective baseline), the second term cor-
responds to the stereo calibration error (note that only the
error of rotation 1s considered, and this stereo error will be
mostly along the same direction as the effective baseline); r
1s the distance between the camera baseline and the first
observed point; b, 1s the effective baseline of the two
cameras with respect to the first observed point; f 1s the
(average) focal length of the two cameras; e, . 1s the esti-
mated angular error of the camera(s) in the stereo calibration
(determined experimentally for a given installation); ¥ indi-
cates the unit-vector along the y-axis; and where:

V-9 + (-5 %)

V(2)

Perr = ftELI'l

S
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where of_hat_err 1s the estimated angular error of the mtrin-
sic calibration at the corner of the 1mage (determined
experimentally for a given installation); X, y are the 1mage
coordinates of a golf ball observation; s 1s the sensor size of
the camera. To obtain the affect that the intrinsic calibration
error has on the actual position of the observation, 1t can be
presumed that 1ts biggest impact 1s propagating via an error
in the disparity of the observation between the two cameras,
thus resulting 1n an error 1n the distance between the camera
baseline and the observed point. The relationship between
the disparity and the distance 1s given by:

F (3)
d = IIbeﬁrll;

where F focal length {.

How much the error vector e, that affects the error of the
estimation of the golf bay 1s determined by the direction of
the error vector e, compared to the (hitting) direction, as
shown 1n FIG. 3C. In FIG. 3C, e 1s the part of the error vector
€., that affects the golf bay choice. This can be computed
1n accordance with:

[y
2.l

(4)

e ' Epay

where the hitting direction 1s computed as:
t =(p—a)xy (5)

where p 1s the position of the first observation, and a 1s the
position of the golf bay. Thus, to get the affect that this error

has on the golf bay selection, the error vector 1s projected
onto the line orthogonal to the direction of the golf shot,
which can be defined by the vector between the golf bay and
the first observation. Other estimations of the hitting direc-
tion are also possible. For example, the hitting direction can
be determined during the installation of the system, where
each golf bay 1s given a direction based on how that bay 1s
oriented physically. As another example, the hitting direc-
tion can be determined by choosing a “main target” for each
bay and using the vector from the bay to that main target as
the hitting direction.

FIG. 3D shows an example of stochastic error caused by
noise 1n sensor readings. The stochastic error can be caused
by errors 1n the tracking of the golf ball, e.g., by noise

present 1n the different tracking operations. For example, a
stereo camera tracking system can have small random errors
1in the two dimensional (2D) tracking operations that cause
a pixel error 1n the 1mage coordinates of the observation of
the golf ball, an error 1n the disparity, affecting the estimated
depth (distance) to the golf ball, e disp, and/or an error 1n
the estimated direction to the golf ball, e_dir. This leads to
an angular error between the first and last observed points,
which will cause the physical model to perform 1ts back-
wards extrapolation 1n a slightly wrong direction.

Thus, the stochastic error affects different parts of the
observed trajectory differently, and the error of each obser-
vation of the golf ball 1s independent of the error in the
previous observation. As shown 1n the example of FIG. 3D,
the error between the actual positions 316BO of the ball
observed by the sensor and the observed positions 31850 1s
not consistent. The extrapolation algorithm used to deter-
mine the trajectory of the golf ball 1s based on physical
forces acting on the golf ball, and thus the algorithm tries to
estimate the change in the golf ball’s state between time
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steps. This means that 1t’s more sensitive to relative errors
between data points. Thus, this positional error between the
unobserved actual position 316BE of the ball at the golf bay
316GB and the extrapolated ball position 318SE can vary
significantly from the positional error between any given
actual ball position 316BO and its observation 318S0O.

As with the systemic error, the stochastic error estimation
can begin with the first (or later) observed point. In general,
the stochastic error can be estimated for any point in the
tfrajectory, but in many implementations, the stochastic error
estimation will begin with the first point in the trajectory, as
the accuracy and usefulness of the data will likely decrease
further away from the first observation of the golf ball. In
any case, to get an 1dea of how this error affects the error of
the extrapolated position at the golf bay 316GB, this error 1s
converted to an angular error, since the extrapolation algo-
rithm will be more affected by an angular error 1n the first
pomnt (or later points) than an offset (positional error).
Moreover, the stochastic error 1s “angular” 1n the sense that
this error will cause an error at the location of the golf bay
316GB that grows with the extrapolation distance.

In some 1mplementations, this angular error 1s estimated
in the following way: compute the magmtude, M, of the
error vector e, for the first observation of the golf ball;
determine how long, L, the golf ball has been observed (in
either time or space); construct a function of L, £(L.), which
may be non-linear, to account for the fact that any more

observations beyond a certain pomnt won’t help with the
extrapolation; and then compute the angle, a, of the triangle
with the sides M, (1) and £(1.). For example, f(L)=x*L/(y*
(time_of last observation—time_ of first observation)),
where x, and y are variables determined experimentally.

This angle, a, 1s the angular error of the first (or later)
observed point. This angle 1s then multiphied with the
distance between the first (or later) observed point and the
golf bay 316(GB, to obtain the effect that this error has on the
extrapolated position at the golf bay 316 GB. The direction
of this error can be presumed to be orthogonal to the
direction of travel of the golf ball at the first (or later)
observed position. Thus, this error vector e, 1s also pro-
jected onto a vector that 1s orthogonal to the general hitting
direction from that golf bay 316GB to determine how much
this error affects the golf bay choice. Thus, the geometric
relationship between the golf bays and the current golf shot
1s taken mnto account.

With reference to FIG. 3D, the stochastic error vector e,
for the first observation of the golf ball can be computed 1n
accordance with the following equations:

(6)

€1 = E4isp T Edir

f 1 A (7)
Cdisp = |V — ”beﬁ_”d‘l‘f} beor X
o E)ET?“FB (8)
dir — €

f 2t

where r 1s the distance between the camera baseline and the
first observed point; b, 1s the effective baseline of the two
cameras with respect to the first observed point; f 1s the
(average) focal length of the two cameras; p_err 1s the
estimated pixel error 1n the tracking (determined experimen-
tally for a given installation), and ¥ indicates the unit-vector
along the y-axis.

As for the systemic error, this error 1s converted to a
positional error via the disparity formula, and since this error
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1s also caused by a disparity error, the direction of the error
1s the same; see equation (7). Further, the random pixel
errors can also affect the positional error 1n the direction
orthogonal to the disparity. In this case, 1t 1s a directional
error, and the size of that error 1s proportional to the distance
from the baseline and can be computed via the pinhole
camera formula; see equation (8).

As before, the part of this error that 1s of interest 1s the part
that 1s orthogonal to the hitting direction. This can be
computed 1n accordance with:

_ b 9)
TR

€.

Moreover, as noted above and as shown 1in FIG. 3E, this
error will grow as the trajectory 1s extrapolated backwards.
To estimate this growth in the error, the angle 3 is computed,
where the angle P is defined as the angle between the two
vectors: (1) between the first and second observations, p,
and p,, of the golf ball, and (2) between the first observed
vector and the second observed vector added with the error
e, along the t, direction:

Ebay (10)

B =tan"
1p1 = poll

Thus, the stochastic error at the location of the golf bay
316GB can be given as:

€pay=|{(Po—a)llsin B (11)

Note that the stochastic error estimation need not begin
with exactly the first observed position of the golf ball, but
rather can begin with the second, third, fourth or later
observed positions. In general, the estimate of the stochastic
error can be calculated using two or more of the first, second,
third, fourth, and later observations of the golf ball (or using
all the observations currently associated with an identified
golf shot). In other words, i1t 1s also possible to take the
number of observed points into account. In that case, the
angle B isn’t computed over py and p,, but between p, and
p,, where n 1s dependent on the number of available obser-
vations. Moreover, the error can also be added to p, 1nstead
of p,, and the angle [ at p, can be computed, which will
provide a very similar result. Thus, the total random dispar-
ity error can be estimated, where it 1s presumed that errors
in the 2D tracking 1s the only source of this error.

Another way to estimate how the angle [ at can affect the
stochastic error at the bay is to construct a function f([3, r)
that describes how the angular error P and the extrapolation
distance r will affect the error at the bay. For example,
f(a)=sin(B)*(r+z*r*r), where z is a quadratic factor of the
angular error. The component sin(B)*z*r*r is a way to
capture some of the non-linear effects the extrapolation may
have on the error, where the value of z 1s determined
experimentally. Other approaches to approximating how the
extrapolation 1s affected by the angular error are also pos-
sible. But i1t should be noted that the relationship 1s not
linear, 1.e., just multiplying the angle with the distance, but
rather a more generalized function of the (angular) error and
the extrapolation distance.

Other modifications are also possible. The computed error
measure(s) can be adjusted based on the effective area of the
golf bay, which can vary 1n dependence on the direction
from the golf bay to the observed point and the geometrical
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shape of the golf bay. For example, if the geometric shape
representing the golf bay 1s a rectangle, when this shape 1s
seen from a perspective, the effective width of that rectangle
shrinks. This can be taken into account by comparing the
direction of the golf shot with the direction of the bay-
rectangle and scaling the error accordingly:

(12)

where
po—a (13)
| po — all

W, = (s1nw, 0, cosw) -

where ® 1s the directional angle of the bay. Other adjust-
ments based on the geometric relationships and/or layouts of
the golf bays and/or the tee positions therein are also
possible.

In general though, the separate treatment of the systemic
error versus the stochastic error (same error at bay location
versus growing error) provides an improved system perfor-
mance, regardless of the specific golf bay geometry and the
specific sources of the errors 1dentified 1n a given imple-
mentation. When using sensors of different types, e.g., radar
sensors versus stereo camera sensors, the equations for
computing the actual errors will differ, but how the different
types of errors affect the bay choice will be generally the
same. For instance, using a FMCW (Frequency-Modulated
Continuous-Wave) radar, the expected errors are similar to
those of a stereo camera pair. Systematic error 1n angle to the
ball as well as range can be expected. Furthermore, a
stochastic error for angle and range can also be expected.
This 1s true for all data points 1n a trajectory measured by
radar. Thus the same or very similar error propagation can be
used to determine bay error 1n a radar based system.

Returning to FIG. 3A, the estimated systemic error and
the estimated stochastic error can be combined 320 (e.g., by
computer(s) 150, 200, 250, 420, 490, 500) to form one or
more error measures for the one or more distance measures.
For example, the estimated systemic error and the estimated
stochastic error can be added together. Other combination
are possible. Adding the two errors together 1s a way of
estimating the “worst case” scenario, 1.e., that both errors
affect the observation/measure 1n the same direction. If one
can show that this i1sn’t the case, then the errors can be
combined differently. In addition, the combination 320 can
take 1nto account the geometric relationships between (1) the
at least one of the initial observations and the extrapolated
trajectory, and (2) one or more of the two or more defined
physical locations, as well as the geometrical shape and/or
layout of the golf bay and/or the tee position(s) therein.

A check 1s made 322 (e.g., by computer(s) 150, 200, 250,
420, 490, 500) as to whether the one or more error measures
satisfy a predefined criteria. When the one or more error
measures do not satisfy 322 the predefined criteria, the
process can wait for additional observations of the golf ball
by the one or more golf ball sensors. Thus, the process can
return to update 310 the three dimensional trajectory for the
golf ball in the three dimensional physical space based on
new observations of the golf shot. For example, if the total
error 1s higher than a certain threshold, the identified golf
shot 1s not immediately displayed to the user, since 1f the
same (or another, redundant) system provides a newer
version of that golf shot with a lower error, within a short
timeframe, the first version can safely be discarded. Note
that FIG. 3A shows that the systemic error and the stochastic
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error are also recalculated 316, 318, but in some 1mplemen-
tations, one or both of the systemic error and the stochastic
error need not be recalculated for the updated trajectory,
depending on the specifics of how these error measures are
calculated 1n a given implementation.

For example, as described above, the systemic error can
be the same as that calculated previously, so an updated
calculation 1s not needed when the updated trajectory does
not change the systemic error. In contrast, the stochastic
error can be recalculated 318 on the second and any subse-
quent error estimates for the updated trajectory, as this
portion of the error can change substantially as new ball
observations are recerved from the sensor(s). In some 1imple-
mentations, the length of the complete observed trajectory
can be used as input to the error equation, and so the
information from the additional observations 1s also used.
Thus, each recalculation 318 can use information about the
whole trajectory to compute the complete, combined 320
error of the starting position of the ball at the golf bay.

In addition, the predetermined criteria that 1s checked 322
can be a single criteria, e.g., a single error threshold, or two
or more criteria. For example, 1n the case where two error
measures are determined for two respective golf bays, and
both of these error measures fall below the error threshold,
the two error measures can be compared 322 with each other
to 1dentify the golf bay corresponding to the lower error
measure as the origin for the golf shot. As another example,
in a multi-detector system, after a certain amount of time 1n
which no other detection system has picked up that golf shot,
the first detector of the golf shot can have 1ts tracked
trajectory tested against a more lenient error threshold, to
give a better chance of identifying an originating golf bay for
the golf shot.

For example, using the combined error calculated in
equation (12), the first version of a golf shot detected by a
stereo camera golf ball tracking system can be compared to
a threshold of 0.15, whereas the second and subsequent
versions of the golf shot detected by that same stereo camera
golf ball tracking system can be compared to a threshold of
0.25. As another example, the stricter threshold (e.g., 0.15)
can be applied to only the very first version of a goli shot
detected by any of two or more golf ball tracking systems,
and all subsequent versions of the golt shot (detected by any
of the two or more golf ball tracking systems) can have the
more lenient threshold (e.g., 0.25) applied. Using such a two
level criteria at 322 allows first-versions of golf shots (e.g.,
from a non-primary system for that golf bay rather than from
a primary system for that golf bay) to only be accepted 11 the
error 1n the golf bay selection 1s very low, thus further
reducing latency for golf bay selection in some cases,
without risking an incorrect golf bay selection in the more
typical cases.

FIG. 4A shows an example of a system 400 that performs
in flight 3D tracking of golf balls through a three dimen-
sional space. Two or more sensors 410 are commumnicatively
coupled (wired connection(s), wireless connection(s), or
both) with a computer system 420. The number of sensors
410 used will vary with the size of the three dimensional
space to be covered, but 1n general, a set of sensors 410 are
installed so as to cover the whole three dimensional space
(e.g., the whole driving range). In addition, the number of
sensors 410 can be increased to provide redundancy of
coverage for the space, e.g., having at least two sensors 410
covering each golf bay. In the example of FIG. 4A, for
clarity in this description, only two sensors 410A, 4108 are
shown, and each sensor 410 covers all golf bays 430 located
in three tiers.
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As shown, the golf bays 430 are 3D spaces within a
building, e.g., the building 115 1n FIG. 1. As this 1s a 3D

structure, the geometric shapes that represent the golf bays
430 1n the golf ball tracking system can also be three
dimensional (with width and height) to be able to identity
originating golf bays on different floors of the building.
Moreover, each sensor 410 (or a combination of sensors
410A, 410B) tracks all golt balls within 1ts field-of-view, and
a physics model for golf ball flight (operating in the com-
puter system 420) 1s used to extrapolate the part of the
trajectory that’s outside the field-of-view or missed by the
sensor for other reasons. Note that a single sensor 410A can
have multiple sensor components, as 1n the case of a stereo
camera, which can have two optical sensors 1n 1t but output
one signal. In addition, even when multiple sensors 410A,
410B, share computer hardware 420 (as shown) rather than
having dedicating processing hardware, the sensor-and-

computer combinations 410A, 420 and 4108, 420 can be

discrete sensor systems that independently identity golf
shots, extrapolate each 1dentified golf shot both forward and
backward 1n time, and attempt to determine the originating
golf bay based on the backward extrapolation of the golf
shot. An orchestrating process, which can also run 1 com-
puter 420 or another computer, can take the data from these
discrete sensor systems and make a final determination
regarding which golf bay to identily as the origin of a
particular golf shot.

Using the extrapolated trajectories, the system calculates
from which physical location each golf ball was hit, so that
the 3D tracking of the golf ball can be displayed to the
correct person 1n the correct golf bay. For example, a first
discrete golf ball sensor system 410A, 420 can 1dentily the
initial observations of a golf shot 412 and detect the golf shot
412, but not have enough confidence 1n the 1mtially 1denti-
fied originating bay (a first error threshold 1s not satisfied) to
cause the golf shot 412 to be displayed in any of the golf
bays 430. Then, the additional observations of the golf shot
412 can be obtained by the first discrete golf ball sensor
system 410A, 420 before a second discrete golf ball sensor
system 4108, 420 has even detected the golf shot 412. Thus,
the updating of the 3D trajectory based on the additional
observations, the extrapolating of this updated trajectory
backward 1n time, the calculating updated distance
measure(s), any updated error estimations (e.g., updating the
stochastic error using the entirety of the currently observed
trajectory), and the combining of the estimated systemic
error and the estimated stochastic error to form updated error
measure(s) for the updated distance measure(s) can all occur
betore the second discrete golf ball sensor system 4108, 420
has detected the golf shot 412.

After this updating, the first discrete golf ball sensor
system 410A, 420 can 1dentily a golf bay 432 as the origin
for the golf shot 412 when the updated error measure(s)
satisfies the predefined critenia, e.g., a second, easier error
threshold (than used for the first check) 1s satisfied. Using
such an easier error threshold 1n this case 1s advantageous as
the second discrete golf ball sensor system 4108, 420 may
in fact never detect the golf shot 412. Moreover, even if later
versions of the golf shot 412 obtained by the first system
410A, 420, do not mmprove substantially in the error
measure(s), those later versions will be considered again
with the more lenient threshold, to help ensure an originating
goli bay 1s 1dentified for all golf shots. In other words, if no
additional observations are available within a certain pre-
defined time, the mitial observations (along with any addi-
tional observations) can be processed and compared to
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another (less strict) pre-defined criteria. In some 1implemen-
tations, more than two thresholds are used across pre-
determined time horizons.

In some implementations, multiple systems track the golf
ball simultaneously and deliver new versions at specified
intervals. A stricter threshold 1s used for the first version of

a detected golf shot, which means a second tracking system
will have time to deliver 1its first version before the first
tracking system delivers its second version of the golf shot.
Only if the first version from a system passes the stricter
threshold, will that version of the golf shot be used to decide
the originating golf bay. This facilitates keeping down the
latency, while also ensuring that the bay choice will not be
based on an 1naccurate shot version if a better one will soon
be provided.

For example, the first system 410A, 420 can identify the
initial observations of a golf shot 414 and detect the golf shot
414, but not have enough confidence 1n the 1mtially identi-
fied originating bay (a first error threshold 1s not satisfied) to
cause the golf shot 414 to be displayed 1n any of the golf
bays 430. Then, the additional observations of the golf shot
414 can be obtained by the second system 4108, 420 and the
same golf shot 414 can be detected by the second system
4108, 420 while the first system 410A, 420 continues
tracking the golf shot 414. The second system 410B, 420 can
determine a discrete three dimensional trajectory for the golf
ball in the three dimensional physical space based on the
additional observations, extrapolate the discrete three
dimensional trajectory of the golf ball backward in time,
calculate discrete distance measure(s) between the discrete
extrapolated trajectory and golf bay 434 and golf bay 436,
estimate a discrete systemic error and a discrete stochastic
error, combine the discrete estimated systemic error and the
discrete estimated stochastic error to form discrete error
measure(s) for the discrete distance measure(s), and identify
one of golf bay 434 and golf bay 436 as the origin for the
golf shot 414 when the first error threshold 1s satisfied.

Thus, between the time that the first system 410A, 420
initially detects the golf shot 414 and later uses the less strict
error threshold to decide between golf bay 434 and golf bay
436 as the origin for golf shot 414, the second system 4108,
420 can both detect the golt shot 414, and due to its position
relative to the ball’s trajectory, accurately 1dentily the golf
bay 434 as the originating golf bay. Also note that, while this
1s happening, a concurrent process can be occurring, 1n
which the second system 4108, 420 mnitially detects a golf
shot 416, but doesn’t have suilicient confidence to identily
one of golf bay 434 and golf bay 436 as the origin, but then
the first system 410A, 420 subsequently also detects the golf
shot 416 and has less error that affects golf bay selection for
the golf shot 416 (due to the geometric relationships among,

the trajectory of the golf shot 416, the position of sensor
410A, and the locations of the golf bays 434, 436) so the first

system 410A, 420 can quickly identity the golf bay 436 as
the origin for the golf shot 416.

Returning to FIG. 3A, when the one or more error
measures do satisly 322 the predefined criteria, one of the
two or more defined physical locations 1s identified 324
(e.g., by computer(s) 150, 200, 250, 420, 490, 500) as an
origin for the golf ball. The identified origin 1s then used as
input for further processing (e.g., by computer(s) 150, 200,
250, 420, 490, 500) such as by using the identified origin to
tacilitate further tracking of the golf ball 1n flight and/or
presenting 326 (e.g., by computer(s) 150, 200, 250, 420,
490, 500) golf ball tracking data on a display device asso-
ciated with the identified originating location. Various types
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of display devices can be used and can be positioned at
different physical locations, e.g., within various golf bays 1n
a building.

Further, each of the golf bays in a bulding, e.g., the
building 115 i FIG. 1, can be the same, or there can be
different levels of accommodation for different types of golf
bays, as well as different shapes, sizes and layouts. The golf
bays on a first level can have direct access to the golf range,
whereas golf bays on higher levels will typically have safety
netting extending horizontally away from the building to
prevent mjury should someone accidentally fall out of the
front of the bay. In addition, each golf bay can include one
or more tee ol locations.

FIG. 4B shows an example of a system that performs 1n
flight 3D tracking of a golf ball 1n relation to an example of
layouts for two golf bays 440A, 4408, as can be used in the
system of FIG. 4A. The golf bays 440A, 4408 can include
furmiture 445, such as couches and tables, to facilitate dining
and conversation during the game. As will be appreciated,
many layouts for the furniture 445 are possible, and the
turmiture 445 and layout 1n the golf bays 440A, 4408 can be
designed to provide flexibility 1n how the golf bays 440A,
440B are assigned to one or more groups of people for
playing games together or separately.

Each of the golf bays 440A, 440B can include two tee off
locations, where each tee ofl location includes a tee area 450
and a golf ball dispenser 455. Each golf ball dispenser 455
can be directly connected with a pneumatic tube system,
such that golf balls can be automatically retrieved from the
targets and fed back to the players without human interven-
tion. Alternatively, the golf balls can be collected from a
central location in the building, ¢.g., the building 115 1n FIG.
1, and manually dropped imto a receptacle in golf ball
dispenser 4355.

The two golf bays 440A, 4408 can share an electronic
hub, which can include various power lines and cables to
support separate display devices for each golf bay, such as
display device 470, which can include computer processors
or be dumb terminals that are communicatively coupled
(with wires, wirelessly, or both) with computer processors
that control what 1s presented on each display device. In
some 1mplementations, no shared electronic hub 1s included,
and the display devices are individually associated with a
respective golf bay 440A, 4408, a respective tee area 450 or
a dispenser 455 within a golf bay 440A, 4408, and/or with
a respective person within a golf bay 440A, 4408, such as
a portable electronic device 475, e.g., a smartphone or tablet
computer. Each display device can include a touch screen
device that connects with a central computer system for the
building, e.g., the building 115 in FIG. 1, and provides the
players with direct control over their game play, including
selecting the type of game to play and the current player.

In any case, one or more players can step into respective
tee areas 450, obtain a golf ball from a respective dispenser
455, and then hit their respective balls. A golf ball sensor
system 490 1s an example of the golf ball sensor system 140,
150 from FIG. 1, and includes both a computer (e.g., data
processing apparatus 250) and a sensor (e.g., stereo camera
254 tegrated with a data processing apparatus 250). The
system 490 detects a golf ball 460, in flight, after it has been
hit from one of the four tee areas 450. From this initial
observation of the golf ball 460 and one or more subsequent
observations of the golf ball 460, the system 490 determines
a three dimensional trajectory 464 (note that the figure only
represents two dimensions for clarity of illustration). The
three dimensional trajectory 464 1s then extrapolated back-
ward 1n time to generate an extrapolated trajectory 462,
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which intersects both tee area 450A 1n golf bay 440A and tee
arca 4508 1n golf bay 440B. Thus, from the initial obser-
vations, it 1s not readily discernible which golf bay 440A,
440B and which tee area 450A, 450B should be 1dentified as
the originating physical location of the golf shot.

Thus, the system 490 needs to determine which of the tee
arcas 450A, 450B to consider as a potential originating tee
area. In some implementations, the system 490 produces one
or more error measures for each tee area 450A, 450B and
compares them. In some implementations, error measures
for adjacent tee areas 450A, 4508 (or golf bays) will have
a very similar values, so such a comparison may not be
useful even though the error measure for either of these
adjacent tee arecas 450A, 4508 (or golf bays) 1s very useful
for deciding when 1t 1s time to confirm a golf shot origina-
tion. Thus, 1n some 1implementations, the system 490 selects
only one of the tee arcas 450A, 4508 based on one or more
calculated distance measures and produces one or more error
measures for only the selected tee area in relation to the
current extrapolated trajectory 462. For example, the system
490 can decide which tee area 450A, 450B to consider as a
potential origination for the golf shot based on the distances
between intersection points of the extrapolated trajectory
462 with the geometric shapes representing the tee areas
450A, 450B, and predefined points within the tee areas
450A, 450B. Detailed examples are provided below, but as
noted above, various distance measures can be used 1n
various combinations.

In some implementations, the system 490 compares the
distances DA, DB between (1) the itersection points of the
extrapolated trajectory 462 with the tee arcas 450A, 4508,
and (2) the mid-points or center points of the tee arcas 450 A,
450B. The system 490 can also use as a distance measure the
last golf bay and or tee area the extrapolated trajectory 462
intersects as 1t moves forward, as 1t can be presumed that
goliers don’t hit golf balls through each other’s golf bays or
tee areas. Thus, in the example of the intersection points
shown 1n FIG. 4B, the tee area 450B can be indicated as the
originating tee area.

Moreover, the system 490 can use other predefined (or
defined on the fly) positions within a golf bay or a tee area
from which to measure distances. For example, the system
490 can compare the distances between (1) the intersection
points of the extrapolated trajectory 462 with the tee areas
450A, 4508, and (2) respective hitting positions HA, HB
within the tee areas 450A, 450B. These hitting positions HA,
HB can be predefined in the system based on information
regarding the typical stances taken by players when golfing,
or by details of the tee areas, such as the tee location 1n a
tee-up system. These hitting positions HA, HB can also be
determined based on 1mnput to the system. For example, 11 the
current golfer assigned to a tee area 1s known to be left
handed, the hitting position can be adjusting accordingly, or
if camera 1magery from a tee area indicates a position where
the ball 1s placed before a golf shot, the hitting position for
that tee area can be updated on the fly based on the camera
imagery.

In some implementations, the system 490 checks whether
the extrapolated trajectory 462 1s within a predefined dis-
tance of the hitting positions HA, HB for the tee areas 450A,
450B. If so, the golf shot 1s considered to have hit that tee.
IT an extrapolated trajectory only hits one tee, this tee can be
selected by the system 490 for determining an error measure
and potential identification as the originating tee. If the
extrapolated trajectory hits more than one tee based on the
predefined distance, the system 490 can select the last tee
area 1ntersected, e.g., tee 4508 1n the example of FIG. 4B.
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If the extrapolated trajectory hits no tees based on the
predefined distance, the system 490 can likewise select the
last tee area intersected. Note that this process can apply to
golf bays as well, such as when each golf bay has (or 1s) only
one tee area.

In addition, the tee area and/or golf bay selection 1s used
to 1dentily a display device on which to show information
regarding the golf shot, e.g., golf shot statistics and/or golf
shot rendering or animation 1 a virtual golf game, which
can include a representation of a golf course or other virtual
game features. For example, 1f the tee area 450A 1s selected
as the source of the golf shot, and the error measure provides
a suflicient degree of certainty, the golf shot information 1s
shown on display device 470, which 1s associated with golf
bay 440A or with tee area 450A. As another example, 1f the
tee arca 4508 1s selected as the source of the golf shot, and
the error measure provides a suflicient degree of certainty,
the golf shot mformation can be shown on display device
4’75, which 1s associated with the golf bay 440B or with the
tee arca 4508, or with a person associated with the golf bay
440B or with the tee area 4350B.

Moreover, as explained above, multiple versions of each
golf shot can be produced, by the same golf ball sensor
system 490 and/or by other golf ball sensor system(s)
observing golf balls hit from the same golif bays 440A,
440B. FI1G. SA 1s a flowchart showing another example of a
process ol locating an originating physical location of a golf
ball detected and tracked in thght. Hitting positions can be
determined 560 (e.g., by computer(s) 150, 200, 250, 420,
490, 500) within geometric shapes representing the defined
physical locations (e.g., for golf bays, tee areas, or other
physical locations). These hitting positions can be pre-
defined for the system or determined dynamically, and the
geometric shapes can be three dimensional shapes.

As noted above, the mput to the system used to dynami-
cally determine the hitting positions can be information
about the current golfer or camera 1imagery of the tee area.
Further, in some implementations, the mput to the system
used to dynamically determine the hitting positions can be
input from an electronic location system including a mobile
device associated with the golfer and a communication
system, such as a global navigation satellite system (GNSS),
¢.g., the Global Positioning System (GPS), a mobile phone
network, or other wireless network, e.g., a WiF1 network.
FIG. SB shows an example of a system that performs in
tlight 3D tracking of a golf ball in relation to personal mobile
devices for the golfers.

The example of FIG. 3B 1s similar to the example of FIG.
4B, 1n that 1t can be used 1n the system of FIG. 4A, and a golf
ball sensor system 500 i1s similar to the golf ball sensor
system 490 described above. Regions 510A, 5108 can be
ool bays or tee areas, or simply presumed areas for the
golfers, e.g., designated regions along a tee line. In any case,
the regions 510A, 510B can be referred to generically as golf
bays 510A, 510B and can have geometric shapes represent-
ing them such that intersections of an extrapolated trajectory
with these geometric shapes can be readily i1dentified.

The system 3500 detects a golf ball 540, in flight, after it
has been hit from one of the golf bays 510A, 510B. From
this initial observation of the golf ball 540 and one or more
subsequent observations of the golf ball 540, the system 3500
determines a three dimensional trajectory 546 (note that the
figure only represents two dimensions for clarity of 1llus-
tration). The three dimensional trajectory 546 1s then
extrapolated backward in time to generate an extrapolated
trajectory 542, which intersects both golf bay 510A and golf
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bay 5310B. Thus, the system 500 needs to determine which
of the regions 510A, 510B to consider as a potential origi-
nating region.

To assist 1n this determination, signals from mobile
devices 520A, 520B, which are associated with golfers 1n
respective golif bays/regions 510A, 5108, can be obtained to
determine the hitting positions 330A, 530B associated with
the golfers. For example, mobile devices 520A, 5208 can be
GPS devices, or smart phones or tablet computers that
communicate in a wireless network that allows triangulation
or other device location services, as shown in FIG. 5B. In
some 1implementations, the hitting positions S30A, 530B are
set for each golier based on sensor data obtained by the
system 500 for one or more test shots by each golfer, and the
location data from the respective mobile devices S20A,

520B associated with the golfers. These hitting positions
530A, 530B can then be used as described above, or as
described 1n further detail below in connection with FIG.
SA. Note that the mobile devices 520A, 5208 can also be the
display devices to which the golf shot information 1s sent
once the origin for a golf shot 1s confirmed.

Referring again to FIG. 5A, one or more golf shot
versions are generated or recerved 562 (e.g., by computer(s)
150, 200, 250, 420, 490, 500). For example, 1n some
implementations, each of sensors 410A, 410B 1n FIG. 4A
has dedicating computer hardware that processes sensor data
using a physics model for golf ball tlight, extrapolates the
part of the trajectory that 1s outside its field-of-view (or 1s
missed by the sensor for other reasons), and performs the
error measure assessment, thus forming discrete sensor
systems 410A, 4108, which can report their results to a
central computer system 420 that takes the results from these
discrete sensor systems 410A, 410B and makes a final
determination regarding which golf bay 430 to identify as
the origin of a particular golf shot. Thus, the central com-
puter 420 can receive diflerent versions of a golf shot from
respective golf ball sensor systems 410A, 4108, as well as
more than one version of the golf shot from a same golf ball
sensor system 410A, 4108.

In some 1mplementations, as soon as a golf ball sensor
system 1n the larger system starts to track a golf ball, it
produces versions of that golf shot at regular intervals. The
first version will contain the first part of the trajectory, the
second version contains all the observations from the first
version plus additional newer observations. In some 1mple-
mentations, the later versions iherit the golf bay that was
assigned to the first version. In some implementations, the
assigned golf bay 1s determined again for each new version
of the golf shot. In any case, the versioning process can
reduce the latency until the system can start showing the
trajectory to the golfer.

Intersections between the extrapolated trajectory and geo-
metric shapes representing the two or more defined physical

locations (e.g., mtersections of the extrapolated trajectory
542 and regions 510A, 510B) are i1dentified 564 (e.g., by

computer(s) 150, 200, 250, 410, 490, 500) and distances
between the extrapolated trajectory and the hitting positions
within the respective geometric shapes (e.g., hitting posi-
tions 530A, 530B) are determined 564 (e.g., by computer(s)
150, 200, 250, 410, 490, 500). In some 1mplementations,
such as shown in FIG. 5B, intersections will generally be
found, except 1n some cases for extrapolated trajectories
around the two ends of the full set of golf bays. Thus, the
distance calculation can be between the point of the inter-
section and the defined hitting position. In situations where
there 1s no intersection of an extrapolated trajectory with a
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given golf bay, the distance calculation can be the length of
a line that intersects the hitting position and 1s normal to the
extrapolated trajectory.

The calculated distances to the hitting positions can be
compared 566 to a threshold, which can be set experimen-
tally for a given implementation, e.g., 40 centimeters. If only
one of these calculated distances to the hitting positions
passes the threshold (1.e., 1s less than the threshold), then the
golf bay containing that hitting position 1s selected 568 (e.g.,
by computer(s) 150, 200, 250, 410, 490, 500) for estimating
the systemic and stochastic error. If both of these calculated
distances to the hitting positions pass the threshold, or i1f
neither of these calculated distances to the hitting positions
pass the threshold, then the last intersected golf bay along
the extrapolated trajectory (in the direction of the initial
observations of the golf ball) 1s selected 570 (e.g., by
computer(s) 150, 200, 250, 410, 490, 500) for estimating the
systemic and stochastic error.

Then, the one or more error measures are calculated/
updated 572 (e.g., by computer(s) 150, 200, 250, 410, 490,
500). This can involve the operations 316, 318, 320 as
describe above in connection with FIG. 3A. A check 1s made
574 (e.g., by computer(s) 150, 200, 250, 420, 490, 500) as
to whether the one or more error measures satisly a pre-
defined criteria. This can involve the operations described
above for check 322 in connection with FIG. 3A. Thus,
when the one or more error measures do not satisty 574 the
predefined criteria, the process can wait for additional obser-
vations of the golf ball by the one or more goli ball sensors,
and thus wait for a next set of one or more versions of the
golf shot to be generated 562 (e.g., by computer(s) 150, 200,
250, 410, 490, 500) and received 562 (e.g., by computer(s)
150, 250, 420).

For example, the central computer 420 can receive dif-
terent versions of a golf shot from respective golf ball sensor
systems 410A, 4108, which have different perspectives of
the same golf shot. Each received version of a golf shot can
include both the extrapolated trajectory and the confidence
measure (one or more error measures) of the origimating golf
bay for the golf shot. Thus, each respective golf ball sensor
system 410A, 410B can perform 1ts own independent cal-
culation of all the parameters for each golf ball shot trace 1t
finds, and pass the results of that independent calculation to
the central computer 420. The central computer 420 can
compare the trajectory data to determine if the two golf ball
sensor systems 410A, 4108 are observing the same golf ball
in flight, and the central computer 420 can then use the best
set of trajectory data from the two sensor systems 410A,
410B 1n accordance with the received confidence measures
provided by the two sensor systems 410A, 410B.

This process can then repeat, and as noted above, the
criteria can change from one check 574 to a next. Further,
when the one or more error measures do satisty 374 the
predefined critenia, the selected golf bay 1s i1dentified 576
(e.g., by computer(s) 150, 200, 250, 420, 490, 500) as the
origin for the golf shot. The 1dentified origin 1s then used as
input for further processing (e.g., by computer(s) 150, 200,
250, 420, 490, 500) such as by using the 1dentified origin to
facilitate further tracking of the golf ball 1n flight and/or
presenting golf shot information on a display device asso-
ciated with the i1dentified originating location, as described
in detail above.

Embodiments of the subject matter and the functional
operations described 1n this specification can be 1mple-
mented 1n digital electronic circuitry, or 1n computer soft-
ware, firmware, or hardware, including the structures dis-
closed 1n this specification and their structural equivalents,
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or 1n combinations of one or more of them. Embodiments of
the subject matter described in this specification can be
implemented using one or more modules of computer pro-
gram 1instructions encoded on a computer-readable medium
for execution by, or to control the operation of, data pro-
cessing apparatus. The computer-readable medium can be a
manufactured product, such as hard drive in a computer
system or an optical disc sold through retail channels, or an
embedded system. The computer-readable medium can be
acquired separately and later encoded with the one or more
modules of computer program instructions, such as by
delivery of the one or more modules of computer program
instructions over a wired or wireless network. The com-
puter-readable medium can be a machine-readable storage
device, a machine-readable storage substrate, a memory
device, or a combination of one or more of them.

The term “data processing apparatus” encompasses all
apparatus, devices, and machines for processing data,
including by way of example a programmable processor, a
computer, or multiple processors or computers. The appa-
ratus can include, 1n addition to hardware, code that creates
an execution environment for the computer program 1in
question, e.g., code that constitutes processor firmware, a
protocol stack, a database management system, an operating,
system, a runtime environment, or a combination of one or
more of them. In addition, the apparatus can employ various
different computing model infrastructures, such as web
services, distributed computing and grid computing inira-
structures.

A computer program (also known as a program, software,
soltware application, script, or code) can be written 1n any
suitable form of programming language, including compiled
or iterpreted languages, declarative or procedural lan-
guages, and 1t can be deployed in any suitable form, includ-
ing as a stand-alone program or as a module, component,
subroutine, or other unit suitable for use 1n a computing
environment. A computer program does not necessarily
correspond to a file 1n a file system. A program can be stored
in a portion of a file that holds other programs or data (e.g.,
one or more scripts stored 1n a markup language document),
in a single file dedicated to the program in question, or 1n
multiple coordinated files (e.g., files that store one or more
modules, sub-programs, or portions of code). A computer
program can be deployed to be executed on one computer or
on multiple computers that are located at one site or dis-
tributed across multiple sites and interconnected by a com-
munication network.

The processes and logic flows described 1n this specifi-
cation can be performed by one or more programmable
processors executing one or more computer programs to
perform functions by operating on input data and generating,
output. The processes and logic flows can also be performed
by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field programmable
gate array) or an ASIC (application-specific integrated cir-
cuit).

Processors suitable for the execution of a computer pro-
gram 1nclude, by way of example, both general and special
purpose microprocessors. Generally, a processor will
receive structions and data from a read-only memory or a
random access memory or both. The essential elements of a
computer are a processor for performing instructions and
one or more memory devices for storing instructions and
data. Generally, a computer will also include, or be opera-
tively coupled to recerve data from or transfer data to, or
both, one or more mass storage devices for storing data, e.g.,
magnetic, magneto-optical disks, or optical disks. However,
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a computer need not have such devices. Moreover, a com-
puter can be embedded in another device, e.g., a mobile
telephone, a personal digital assistant (PDA), a mobile audio
or video player, a game console, a Global Positioning
System (GPS) receiver, or a portable storage device (e.g., a
umversal serial bus (USB) flash drive), to name just a few.
Devices suitable for storing computer program instructions
and data include all forms of non-volatile memory, media
and memory devices, including by way of example semi-
conductor memory devices, e.g., EPROM (Erasable Pro-
grammable Read-Only Memory), EEPROM (Electrically
Erasable Programmable Read-Only Memory), and flash
memory devices; magnetic disks, e.g., internal hard disks or
removable disks; magneto-optical disks; and CD-ROM and
DVD-ROM disks. The processor and the memory can be
supplemented by, or incorporated 1n, special purpose logic
circuitry.

To provide for interaction with a user, embodiments of the

subject matter described 1n this specification can be imple-
mented on a computer having a display device, e.g., LCD
(liguad crystal display), OLED (organic light emitting diode)
or other monitor, for displaying information to the user and
a keyboard and a pomnting device, e.g., a mouse or a
trackball, by which the user can provide input to the com-
puter. Other kinds of devices can be used to provide for
interaction with a user as well; for example, feedback
provided to the user can be any form of sensory feedback,
¢.g., visual feedback, auditory feedback, or tactile feedback;
and mput from the user can be received 1n any form,
including acoustic, speech, or tactile mput.
The computing system can include clients and servers. A
client and server are generally remote from each other and
typically interact through a communication network. The
relationship of client and server arises by virtue of computer
programs running on the respective computers and having a
client-server relationship to each other. Embodiments of the
subject matter described 1n this specification can be imple-
mented 1n a computing system that includes a back-end
component, €.g., as a data server, or that includes a middle-
ware component, €.g., an application server, or that includes
a front-end component, e.g., a client computer having a
graphical user interface or a Web browser through which a
user can interact with an implementation of the subject
matter described 1s this specification, or any combination of
one or more such back-end, middleware, or front-end com-
ponents. The components of the system can be intercon-
nected by any form or medium of digital data communica-
tion, e.g., a communication network. Examples of
communication networks include a local area network
(“LAN”) and a wide area network (“WAN”), an inter-
network (e.g., the Internet), and peer-to-peer networks (e.g.,
ad hoc peer-to-peer networks).

While this specification contains many implementation
details, these should not be construed as limitations on the
scope of the mnvention or of what may be claimed, but rather
as descriptions of features specific to particular embodi-
ments of the invention. Certain features that are described in
this specification in the context of separate embodiments can
also be implemented 1n combination 1n a single embodi-
ment. Conversely, various features that are described in the
context of a single embodiment can also be implemented 1n
multiple embodiments separately or 1n any suitable subcom-
bination. Moreover, although features may be described
above as acting 1n certain combinations and even nitially
claimed as such, one or more features from a claimed
combination can in some cases be excised from the combi-
nation, and the claimed combination may be directed to a
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subcombination or variation of a subcombination. Thus,
unless explicitly stated otherwise, or unless the knowledge
of one of ordinary skill in the art clearly indicates otherwise,
any of the features of the embodiments described above can
be combined with any of the other features of the embodi-
ments described above.

Similarly, while operations are depicted in the drawings 1n
a particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or 1n sequential order, or that all 1llustrated operations
be performed, to achieve desirable results. In certain cir-
cumstances, multitasking and/or parallel processing may be
advantageous. Moreover, the separation of various system
components 1n the embodiments described above should not
be understood as requiring such separation 1n all embodi-
ments, and i1t should be understood that the described
program components and systems can generally be inte-
grated together 1n a single software product or packaged into
multiple software products.

Thus, particular embodiments of the invention have been
described. Other embodiments are within the scope of the
following claims and/or within the scope of the teachings of
the present application. For example, the description above
focuses on tracking a golf ball shot, but the systems and
techniques described are also applicable to other types of
object/projectile tlight tracking, such as for baseball or skeet
shooting, as well as non-sports applications. In addition, the

actions recited in the claims can be performed 1n a different
order and still achieve desirable results.

What 1s claimed 1s:
1. A system comprising:
two or more defined physical locations from which golf
balls are hit into a three dimensional physical space;
one or more golf ball sensors arranged with respect to the
three dimensional physical space to detect the golf balls
in flight after the golf balls are hit into the three
dimensional physical space from the two or more
defined physical locations; and
one or more computers communicatively coupled with the
one or more golf ball sensors, the one or more com-
puters comprising at least one hardware processor and
at least one memory device coupled with the at least
one hardware processor, the at least one memory device
encoding instructions configured to cause the at least
one hardware processor to perform operations compris-
ng
determining a three dimensional trajectory for a golf
ball in the three dimensional physical space based on
imitial observations of the golf ball by the one or
more golf ball sensors,
extrapolating the three dimensional trajectory of the
golf ball backward in time to generate an extrapo-
lated trajectory,
calculating one or more distance measures between the
extrapolated trajectory and the two or more defined
physical locations,
estimating a systemic error for at least one of the mitial
observations of the golf ball by the one or more golt
ball sensors, wherein the systemic error aflects
observed ball positions,
estimating a stochastic error associated with the at least
one of the mitial observations of the golf ball by the
one or more golf ball sensors, wherein the stochastic
error allects an angle of a trajectory determined from
the observed ball positions,
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combining the estimated systemic error and the esti-
mated stochastic error to form one or more error
measures for the one or more distance measures,

identifying one of the two or more defined physical
locations as an origin for the golf ball when the one
or more error measures satisty a predefined criteria,
and

waiting for additional observations of the golf ball by
the one or more golf ball sensors when the one or
more error measures do not satisly the predefined
criteria.

2. The system of claim 1, wherein the two or more defined
physical locations comprise two or more tee positions within
two or more tee areas, the calculating comprises calculating,
a first distance measure for a first of the two or more tee
positions 1 a first of the two or more tee areas and
calculating a second distance measure for a second of the
two or more tee positions in a second of the two or more tee

areas, and the 1dentifying comprises:
identifying the first tee area containing the first tee posi-
tion as the origin for the golf ball when the first distance
measure satisiies a predefined threshold and the second
distance measure does not satisiy the predefined thresh-
old; and

identifyving the second tee area contaiming the second tee

position as the origin for the golf ball when the first
distance measure satisfies the predefined threshold, the
second distance measure satisfies the predefined thresh-
old, and the second tee position comes after the first tee
position along the extrapolated trajectory.

3. The system of claim 1, wherein the one or more golf
ball sensors comprise at least two discrete golf ball sensor
systems that independently track the golf ball in the three
dimensional physical space.

4. The system of claim 3, wherein the 1mnitial observations
are from a first of the at least two discrete golf ball sensor
systems, and the operations comprise:

obtaining the additional observations of the golf ball from

the first golf ball sensor system before a second of the
at least two discrete golf ball sensor systems detects the
golf ball;

updating the three dimensional trajectory for the golf ball

based on the additional observations to determine an
updated three dimensional trajectory;

extrapolating the updated three dimensional trajectory of

the golf ball backward in time to generate an updated
extrapolated trajectory;
updating the one or more error measures in accordance
with the updated three dimensional trajectory; and

identifying one of the two or more defined physical
locations as the origin for the golf ball when the one or
more updated error measures satisly the predefined
criteria.

5. The system of claim 3, wherein the 1imitial observations
are from a first of the at least two discrete golf ball sensor
systems, and the operations comprise:

obtaining the additional observations of the golf ball from

a second of the at least two discrete golf ball sensor
systems;

determining a discrete three dimensional trajectory for the

golf ball 1n the three dimensional physical space based
on the additional observations of the golf ball by the
second golf ball sensor system;

extrapolating the discrete three dimensional trajectory of

the golf ball backward 1n time to generate a discrete
extrapolated trajectory;
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calculating one or more discrete distance measures
between the discrete extrapolated trajectory and the two
or more defined physical locations;

estimating a discrete systemic error for at least one of the
additional observations of the golf ball by the second
goll ball sensor system:;

estimating a discrete stochastic error associated with the
at least one of the additional observations of the golf
ball by the second golf ball sensor system:;

combining the discrete estimated systemic error and the
discrete estimated stochastic error to form one or more
discrete error measures for the one or more discrete
distance measures; and

identifying one of the two or more defined physical
locations as the origin for the golf ball when the one or
more discrete error measures satisly the predefined
criteria.

6. The system of claim 1, wherein the one or more golf
ball sensors comprise a camera, and estimating the systemic
error comprises estimating an intrinsic calibration error
based on a focal length of the camera.

7. The system of claim 6, wherein the camera 1s a stereo
camera, estimating the intrinsic calibration error comprises
calculating a disparity for the stereo camera based on a
distance between the stereo camera and the first observation,
and estimating the systemic error comprises estimating a
stereo calibration error for the stereo camera as an estimated
error 1n a calibrated rotation of the stereo camera.

8. The system of claim 7, wherein estimating the stochas-
tic error comprises estimating a total random disparity error
for the extrapolated trajectory, and adjusting a measure of
error from the total random disparity error based on a
distance from the imtial observations to a baseline for the
stereo camera.

9. The system of claim 1, wherein the extrapolated
trajectory 1s within a field of view of the one or more golf
ball sensors, but no observations of the golf ball have been
identified for this portion of the golf ball’s tlight.
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10. The system of claim 1, wherein calculating the one or
more distance measures Comprises:

checking for intersections between the extrapolated tra-

jectory and geometric shapes representing the two or
more defined physical locations;

determiming distances between the extrapolated trajectory

and hitting positions within the respective geometric
shapes representing the two or more defined physical
locations:

selecting one of the two or more defined physical loca-

tions, for estimating systemic and stochastic error and
identifying as the origin, based on the determined
distances when only one of the determined distances 1s
below a threshold distance; and

selecting one of the two or more defined physical loca-

tions, for estimating systemic and stochastic error and
identifying as the origin, based on a last of the inter-
sections along the extrapolated trajectory toward the at
least one of the imitial observations when both or
neither of the determined distances 1s below the thresh-
old distance.

11. The system of claim 10, wherein the geometric shapes
representing the two or more defined physical locations
comprise three dimensional geometric shapes.

12. The system of claim 10, wherein the operations
comprise determining the hitting positions based on input to
the system.

13. The system of claim 12, wherein the mput comprises
input from at least one electronic location system.

14. The system of claim 13, wherein determining the
hitting positions comprises setting a hitting position for a
golfer based on sensor data obtained for one or more test
goli shots hit by the golfer and location data from a mobile
communication device associated with the golfer, the mobile
communication device being communicatively coupled with
the at least one electronic location system.

15. The system of claim 14, wherein the at least one
clectronic location system comprises a global navigation
satellite system.

16. The system of claim 12, wherein the two or more
defined physical locations are golf bays or tee areas for a
golf range comprising the three dimensional physical space
and different targets for the golf balls.
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